Background {#Sec1}
==========

Ambient particulate matter (PM) and ozone are among the six most common air pollutants. Among these pollutants, ambient PM, especially fine PM, with a median aerodynamic diameter of less than 2.5 μm, has the greatest effect on human health. Numerous epidemiological studies have indicated that exposure to ambient PM is correlated with increased respiratory and cardiovascular morbidity and mortality \[[@CR1]--[@CR4]\]. Similarly, short-term exposure to ambient PM is associated with hospital admission, respiratory function, and respiratory symptoms in patients with respiratory and cardiovascular diseases \[[@CR4]--[@CR6]\]. There is far less evidence for the effect of ozone on health than for an effect of PM, but numerous studies have suggested that breathing ground-level ozone has harmful effects \[[@CR7]--[@CR11]\].

The toxicological mechanisms underlying the effects of PM and ozone on human health have gradually been clarified. There is extensive evidence for associations between PM and intermediary inflammatory outcomes \[[@CR12]--[@CR14]\]. According to these in vitro and in vivo analyses, after PM is engulfed or phagocytized by cells, various pro-inflammatory mediators, such as interleukin (IL)-6 and IL-8, are secreted by cells \[[@CR12]--[@CR14]\]. Similarly, numerous studies have found increases in the concentrations of various pro-inflammatory mediators, such as interleukin IL-6 and IL-8, in humans exposed to ozone \[[@CR15]--[@CR18]\]. The generation of these pro-inflammatory mediators may be explained by reactions with the airway epithelial lining fluid and cell membranes \[[@CR19]--[@CR21]\].

Multiple air pollutants are continually generated; however, ozone and PM are traditionally considered separate problems and both epidemiological and experimental studies have mainly focused the adverse health effects of single air pollutants. Recent experimental studies have shown combined effects of fine PM and ozone on health \[[@CR15], [@CR22]--[@CR26]\]. Several controlled human exposure studies have also demonstrated additive effects of fine PM and ozone on human health \[[@CR12], [@CR27]--[@CR30]\]. A few epidemiological studies have suggested that fine PM components are important for these combined effects \[[@CR31]--[@CR33]\] because the chemical composition of PM varies geographically and seasonally \[[@CR34]--[@CR37]\].

Previous experimental and controlled human exposure studies have typically evaluated the separate administration of ozone and ambient PM to cells, animals, and humans. Ozone and ambient PM are chemically coupled in the ambient air \[[@CR38]\] and ozone may affect inflammation induced by ambient PM. In the present study, whether ozone influences the effects of PM on pro-inflammatory cytokine production was examined by stimulating cells with PM that was first exposed to ozone.

Methods {#Sec2}
=======

Preparation of airborne particles and ozone exposure {#Sec3}
----------------------------------------------------

From March 12 to March 20, 2018, airborne PM smaller than 1.1 μm was collected on a 20 × 25 cm quartz filter (Poreflon; Sumitomo Electric, Osaka, Japan) at a flow rate of 566 L/min using a high-volume air sampler with a diverter (high-volume air sampler, Andersen type; Shibata, Saitama, Japan) for 72 h. To extract collected PM, these filters were extracted at 10 μg/mL PM with distilled deionized water using an ultrasonic apparatus (BRANSONIC2800; Emerson Japan, Atsugi, Japan) for 60 min \[[@CR39], [@CR40]\]. The extraction liquids were filtered through 1-μm filters (pluriSelect, Leipzig, Germany). PM smaller than 1 μm in diameter dissolved in solution was blended from March 12 to March 20, 2018 and sterilized at 121 °C for 30 min in an autoclave (Tomy SX-300; Tomy, Tokyo, Japan). The extraction liquids of collected PM were stored in a freezer at − 70 °C to prevent the growth of bacteria and fungi.

The extraction liquids of collected PM and distilled deionized water were bubbled through 0.12 ppm or 0.24 ppm ozone at 5 L/min using an air flow controller (RAPIFLOW; CKD, Aichi, Japan) for 1 min, 5 min, and 15 min. Using an ozonizer (OHNIT, Okayama, Japan), ozone was generated in 0.11 and 0.22 s at intervals of 7 s and adjusted to 0.12 ppm and 0.24 ppm using the air flow controller. The pH of the extraction liquids of collected PM and distilled deionized water was measured before and after bubbling through ozone.

Particulate matter exposure and the measurement of Il-6 and IL--8 production {#Sec4}
----------------------------------------------------------------------------

In vitro toxicological studies and methods to measure cytokine production induced by PM using airway epithelial cells and monocytes are well established \[[@CR41]\]. THP1, a human monocyte cell line, was used to measure cytokine production induced by collected fine PM. These cells were cultured in Roswell Park Memorial Institute medium 1640 containing 10% fetal bovine serum, 0.05 mM 2-mercaptoethanol, 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.5 μg/mL amphotericin B at 37 °C and 5% CO~2~ and in a humidified cell culture incubator.

THP1 cells (1 × 10^5^ cells/270 μL/well) in a 96-well polystyrene plate (Sumitomo Bakelite, Tokyo, Japan) were stimulated for 24 h at 37 °C with 30 μL of solvent only (negative control), 30 μL of distilled deionized water, 30 μL of distilled deionized water after bubbling through ozone, 30 μL of 10 μg/mL collected PM in solution, and 30 μL of 10 μg/mL collected PM dissolved in solution after bubbled through ozone. For distilled deionized water and collected PM dissolved in solution after bubbling through 0.24 ppm ozone, THP1 cells were pretreated with 5 mM and 25 mM *N*-acetyl-~L~-cysteine (NAC) for 30 min at 37 °C to confirm the generation of reactive oxygen species (ROS). After the administration of distilled deionized water and collected PM dissolved in solution with and without bubbling through ozone, the pH of each supernatant was measured. After 24 h of exposure, the viability of THP1 cells exceeded 95% for all samples, as assessed using a trypan blue-exclusion test. After 24 h of exposure, supernatants were removed and centrifuged at 250×*g* to remove floating cells and then at 2500×*g* to remove the remaining particles. The final supernatants were stored at − 70 °C.

The IL-6 and IL-8 concentrations in the supernatants were measured using enzyme-linked immunosorbent assay (ELISA) kits for IL-6 and IL-8 (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's protocols, with 96-well plates (Seikagaku, Tokyo, Japan). Samples were run in duplicate and read using an automated ELISA reader (Model 680; Bio-Rad, Hercules, CA, USA).

Detection of reactive oxygen species {#Sec5}
------------------------------------

The generation of ROS in distilled deionized water and collected PM dissolved in solution with and without bubbling through ozone was determined using 2′,7′-dichlorodihydrofluorescein diacetate (H~2~DCFDA) reagent (D-399; Molecular Probes, Tokyo, Japan) \[[@CR41]\]. An equal amount of Roswell Park Memorial Institute medium containing 10 mol/L dichlorodihydrofluorescein, which was converted from H~2~DCFDA reagent by treatment with 0.2 mol/L sodium hydroxide, was added to 100 μL of distilled deionized water and collected PM dissolved in solution with and without bubbling through ozone. An oxidized fluorescent product, dichlorofluorescein, was detected using a fluorescence reader, Infinite M 200 Pro (TECAN Japan, Kawasaki, Japan), at an excitation wavelength of 504 nm and an emission wavelength of 530 nm, and monitored every 5 min.

Statistical analysis {#Sec6}
--------------------

Four independent experiments were performed for each analysis and a one-way or two-way ANOVA was used to evaluate statistical significance. *P* \< 0.05 was considered statistically significant.

Results {#Sec7}
=======

Production of IL-6 and IL-8 {#Sec8}
---------------------------

The pH levels of the collected PM dissolved in solution with and without bubbling through ozone ranged from 3.0 to 3.3. When 30 μL of collected PM dissolved in solution was added to 270 μL of the THP1 cell suspension, the pH of the cell culture medium ranged from 7.1 to 7.4. The cell viability exceeded 95% after 24 h of stimulation by all collected PM dissolved in solution with and without bubbling through ozone. Allowing for the simultaneous quantitative measurement of IL-6 and IL-8, the exposure of THP1 cells to collected PM dissolved in solution (1 μg/mL) with and without bubbling through ozone significantly induced the production of IL-8, but not IL-6 (Fig. [1](#Fig1){ref-type="fig"}). The concentrations of IL-8 in the supernatants of THP1 cells stimulated by collected PM dissolved in solution were 108.3 ± 24.7 pg/mL for PM without ozone exposure, 165.0 ± 26.1 pg/mL for 0.12 ppm ozone bubbling for 1 min, 175.1 ± 33.1 pg/mL for 0.12 ppm for 5 min, 183.3 ± 17.8 pg/mL for 0.12 ppm for 15 min, 167.8 ± 35.9 pg/mL for 0.24 ppm for 1 min, 209.2 ± 8.4 pg/mL for 0.24 ppm for 5 min, and 209.3 ± 14.3 pg/mL for 0.24 ppm for 15 min. There were significant differences in the increase in IL-8 caused by all collected PM dissolved in solution with and without bubbling through ozone compared with concentrations induced by the solvent only (distilled deionized water, 8.2 ± 0.9 pg/mL) (Fig. [1a](#Fig1){ref-type="fig"}). In contrast, both collected PM dissolved in solution with and without bubbling through ozone did not increase the concentration of IL-6 compared with that for the solvent only (Fig. [1b](#Fig1){ref-type="fig"}). The observed concentrations of IL-8 in collected PM dissolved in solutions with bubbling ozone were significantly higher than those without bubbling through ozone. There were significant differences in the increase in IL-8 by collected PM dissolved in solutions for 5 min and 15 min with bubbling through 0.24 ppm ozone compared with those for solutions bubbled through 0.12 ppm ozone for 1 min and 5 min. The concentrations of IL-8 produced by collected PM dissolved in solutions for 5 min and 15 min with bubbling through 0.24 ppm ozone were significantly greater than those with 0.24 ppm ozone bubbling for 1 min.Fig. 1Concentrations of interleukin (IL)-8 (**a**) and IL-6 (**b**) in the supernatants of THP1 cells stimulated by collected particulate matter (PM) dissolved in solution (1 μg/mL) with and without bubbling through ozone. Bars represent means ± SD. \**P* \< 0.01 and \*\**P* \< 0.05

Figure [2](#Fig2){ref-type="fig"} shows the simultaneous quantitative measurement of IL-6 and IL-8 induced by exposure to distilled deionized water with and without bubbling through 0.24 ppm ozone. The pH levels of distilled deionized water with and without bubbling through ozone ranged from 6.4 to 6.6. The concentrations of IL-8 were 8.2 ± 9.0 pg/mL without ozone exposure, 9.1 ± 1.7 pg/mL with ozone bubbling for 1 min, 10.6 ± 1.9 pg/mL for 5 min, and 11.5 ± 2.0 pg/mL for 15 min. There was a significant difference in the production of IL-8 between distilled deionized water without bubbling through ozone and that with 15 min of bubbling (*P* \< 0.05). The concentration of IL-6 did not increase by distilled deionized water with and without bubbling through ozone.Fig. 2Simultaneous quantitative measurement of interleukin (IL)-8 (**a**) and IL-6 (**b**) induced by distilled deionized water with and without bubbling through 0.24 ppm ozone. Bars represent means ± SD. \**P* \< 0.05

Figure [3](#Fig3){ref-type="fig"} summarizes the effect of NAC on the increase in IL-8 production by collected PM dissolved in solution with and without bubbling through ozone. The presence of the antioxidant NAC can significantly inhibit the increases in IL-8 induced by all collected PM dissolved in solution in a dose-dependent manner.Fig. 3Effect of *N*-acetyl-~L~-cysteine (NAC) on the increase in interleukin (IL)-8 production by collected PM dissolved in solution (1 μg/mL) without bubbling through ozone (**a**) and with bubbling through 0.12 ppm ozone (**b**) and 0.24 ppm ozone (**c**). The antioxidant NAC significantly inhibited the production of IL-8 induced by all collected PM dissolved in solution in a dose-dependent manner. Bars represent means ± SD. \* *P* \< 0.01

Formation of ROS by distilled deionized water and PM dissolved in solution {#Sec9}
--------------------------------------------------------------------------

The ability of ozone to generate ROS in distilled deionized water and PM dissolved in solution was assessed using fluorescein reagents. The generation of ROS by ozone exposure is shown in Fig. [4](#Fig4){ref-type="fig"}. The formation of ROS was assessed based on the fold induction of fluorescein intensity, which was calculated as the fluorescein intensity of distilled deionized water and PM dissolved in solution with bubbling through ozone divided by that without bubbling through ozone, respectively \[[@CR42]\]. Ozone did not generate ROS using either distilled deionized water and PM dissolved in solution.Fig. 4Formation of ROS by ozone exposure was assessed based on the fold induction of the fluorescein intensity using the 2′,7′-dichlorodihydrofluorescein diacetate reagent, which was calculated as the fluorescein intensities of distilled deionized water and PM dissolved in solution with bubbling through 0.12 ppm and 0.24 ppm ozone for 1 min, 5 min, and 15 min divided by those without bubbling through ozone. **a** Generation of ROS by ozone in collected PM dissolved in solution. **b** Generation of ROS by ozone in distilled deionized water. Bars represent means ± SD

Discussion {#Sec10}
==========

Ambient PM has the potential to produce pro-inflammatory cytokines and its toxicological mechanisms are important for understanding its adverse effects on human health. According to experimental and epidemiological studies, there is a combined effect of fine PM and ozone on health. However, the influence of ozone on the effects of PM on pro-inflammatory cytokine production is unclear. The effect of ozone on the production of IL-6 and IL-8 by collected ambient PM smaller than 1 μm in diameter was assessed after bubbling through ozone. Our key finding was that ozone significantly augmented the production of IL-8 by PM depending on the concentration of ozone. In contrast, ozone did not influence IL-8 production using distilled deionized water, a solvent for collected PM dissolved in solution. These results suggested that ozone may be able to change the chemical behavior of ambient PM and augment the production of pro-inflammatory cytokines in response to ambient PM.

Numerous experimental studies have demonstrated that ambient PM can induce IL-6, but IL-6 production was not detected in our study. Our previous study showed that the production of IL-6 in response to ambient PM in THP1 cells was lower than the production of IL-8 \[[@CR43]\]. The lack of IL-6 production in the present study may be explained by the low concentration of ambient PM, i.e., 1 μg/mL; most studies have used more than 10 μg/mL PM to investigate the production of pro-inflammatory cytokines in response to ambient PM \[[@CR12]--[@CR15], [@CR22]--[@CR26]\]. Airborne PM is usually categorized based on particle size and is classified as primary and secondary PM \[[@CR44]\]. Secondary PM is smaller than primary PM and there seems to be a division at an aerodynamic diameter of about 1 μm between primary and secondary PM \[[@CR44]\]. The present study focused on the combined effects of PM smaller than 1 μm in diameter and ozone on pro-inflammatory cytokine production, but the quantity of ambient PM collected was insufficient.

In general, ambient PM promotes ROS production and activates ROS-generating pathways in cells \[[@CR45]\]. ROS-generating pathways can lead to the activation of mitogen-activated protein kinases (MAPKs) and central pro-inflammatory transcription factors, such as nuclear factor-kappa B (NF-κB) and activator protein 1 (AP-1), leading to the up-regulation of pro-inflammatory genes, including various cytokines and chemokines. ROS is generated directly by reactive PM surfaces \[[@CR13]\]. The level of ROS in the epithelial lining fluid covering the airways increases and is sustained by exposure to ambient PM \[[@CR46], [@CR47]\]. Therefore, in the present study, associations with IL-8 production and ROS were evaluated to investigate the mechanisms by which ozone augmented IL-8 production in response to ambient PM. In the present study, the antioxidant NAC significantly inhibited the increases in IL-8 induced by ambient PM, but exposure to ozone was not associated with the generation of ROS on PM. Thus, we should consider mechanisms underlying the augmentation of IL-8 production in response to ambient PM after exposure to ozone other than the generation of ROS on PM. Ambient PM is composed of a complex mixture originating from multiple sources, and gaseous air pollutants, such as ammonium (NH~3~), volatile organic compounds, sulfur oxides, and nitrogen oxides, chemically react with each other to generate secondary ambient PM \[[@CR48]--[@CR50]\]. Ozone may change the chemical compositions of PM and its augmented ROS-generating pathways. It may be useful to compare the chemical compositions of PM between before and after exposure to ozone to determine the underlying mechanisms. However, we were unable to analyze the chemical compositions of PM owing to an insufficient amount of PM; this was a limitation of the study.

Many experimental studies have used high concentrations of ozone, ranging from 0.2 ppm to 0.8 ppm, which greatly exceed environmental standards. In the present study, PM was exposed to ozone at Japanese warning and alarm levels, i.e., 0.12 ppm and 0.24 ppm, respectively. High levels of photochemical ozone have recently been decreasing in Japan, but an upward trend continues for the average annual level \[[@CR51]\]. The area for the photochemical smog warning has increased in Japan. Our findings suggest that more attention should be paid to the potential adverse effects of ambient PM on health in these areas.

Conclusions {#Sec11}
===========

In the present study, the influence of ozone at environmentally relevant concentrations on the production of pro-inflammatory cytokines in response to ambient PM were evaluated. Ozone significantly augmented the production of IL-8, but not IL-6, by THP1 cells in response to PM in a concentration-dependent manner. There may be a synergistic effect of ozone and ambient PM on inflammation.
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